Introduction
In order to discuss the phenomenon of trogocytosis and its importance in immune response, it is imperative to recall the events which occur in the immune system as a whole. The immune system is composed of different cell subsets which play distinct but entwined roles. For an effective immune response, series of complex cellular events must occur. As the first step, an exogenous antigen or pathogen must be identified as a foreign particle and if necessary, be processed by professional antigen presenting cells (APCs), then active T and B cells must come in contact with APCs or activated APCs. T-helpers must assist B cells and cytotoxic T cells, and there must be the process of proliferation and differentiation to generate and amplify the number of effector cells orchestrating humoral and cell-mediated immunity. In addition, it must generate memory T cells to elicit strong immune response on future exposure to the same antigen. Immune responses so generated must be regulated appropriately to maintain homeostasis and prevent autoimmunity or immunopathological conditions. This brief glimpse of immune response reveals the intricacy of immune system and raises an important question: how are the functions of different cell subsets regulated and coordinated? Immune subsets are characterized by the functions they perform. Protein molecules that are expressed on cell surfaces play a pivotal role in cellular functions and form the basis of cellular phenotypic characterization. For example, expression of CD3 indicates T cells and T cell receptor (TCR)/CD3 plus CD4 or CD8 define CD4 + and CD8 + T cells. Similarly, cell population expressing major histocompatibility complex (MHC) class II can be described as APCs, and natural killer (NK) cells could be characterized by killer Ig-like receptors (KIR) (1) . When lymphocytes come in contact with target cells, many different molecules on APC and lymphocyte slide (like CD28/CD80 and LFA-1/ICAM-1) together and form an interface which is termed as "immunological synapse" (IS) and has been observed for T (2, 3) , B (4) and NK cells (5) . The immunological synapse, like T cell IS, is thought to be the seat of initiation of TCR signaling events (6) which lead to different lymphocyte functions such as proliferation and cytokine production. These cytokines coordinate and regulate cell to cell interaction necessary to elicit immune responses. Intercellular membrane or protein transfer noticed among immune cells, the immunological synapse is shown to facilitate this transfer (7) .
What is trogocytosis?
About 35 years ago, some surprising findings were observed, in which protein molecules considered specific for one cell type were seen on the surfaces of other cell types (8, 9) . For example, transfer of antigenic material from macrophages to lymphocytes (10) , uptake of macrophage Fc receptors and MHC molecules by T cells (11) , acquisition of recipient MHC class I and II molecules on donor thymocytes in bone-marrow chimaeras (12, 13) , transfer of MHC class II proteins from splenic cells to allogenic T-cell clones (14) and capture of B-cell surface immunoglobulin by T cells (15, 16) . To describe this phenomenon of intercellular transfer of membrane patches, containing membrane-anchored proteins from one cell type to another, following immunological synapse formation, Hudrisier and colleagues (17) coined the term "Trogocytosis" derived from the ancient Greek word "trogo", which means nibble.
Trogocytosis, a widespread phenomenon
Importance of trogocytosis was realized when in-depth studies began to understand the mechanisms of trogocytosis and was found to be a widespread phenomenon (9) . Of late new reports of intercellular membrane transfer started pouring in. It was demonstrated that T cells can acquire not only the MHC class I and class II proteins (18, 19) , but also the costimulatory proteins (20) (21) (22) , the membrane fragments (23, 24) from APCs and the proteins from endothelial cells (25) . Till recently, the protein transfer by trogocytosis is believed to be unidirectional in murine system (1) . However, our recent work has provided the first evidence of bidirectional membrane molecule transfer between dendritic and T cells in murine system (26) . Similarly, new findings on trogocytosis are acquired pertaining to NK cells showing that NK cells can capture the target cell-MHC class I protein both in vitro and in vivo (27) (28) (29) and the virus receptor (CD155) (30) and the membrane fragments (31) from the target cells. Both in human and mouse cells, it was shown that NK cell receptors for MHC class I protein can be transferred to target cells (32) , demonstrating a bidirectional membrane transfer. B cells can capture membrane-associated antigens from target cells and the amount of antigen captured correlates with the affinity of B-cell receptor for the antigen (4, 33) . In addition, γδ T cells have been shown to capture the membrane fragments from the tumor cells, such as Daudi cells (a B-lymphoblastoid cell line, derived from Burkitt's lymphoma) (34) . Similarly, dendritic cells (DCs) have been shown to transfer the captured allogenic MHC class I and class II proteins in vivo, during transplantation (35, 36) .
In addition, bidirectional transfer of membrane protein is noticed in the systems unrelated to immunity, such as the exchange of EpherinB proteins important in axon guidance, which takes place during detachment of neuronal growth cones (37) . The glycosyl-phosphatidylinositol (GPI)-anchored proteins are transferred across the homotypic interactions between HeLa cells (38) , and the transmembrane protein bride is internalized from one cell by contact with another during the eye development in Drosophila melanogaster (39) . Thus, these studies conducted in various systems together present strong evidence that the cell surface proteins are commonly transferred between cells both in vitro and in vivo (9) .
What are the mechanisms responsible for the intercellular membrane transfer?
Generally, there are several mechanisms by which the protein transfer takes place from one cell to another. Proteins are associated with cell surface by hydrophobic interactions, and the disruption of this hydrophobic interaction is necessary to initiate the intercellular transfer of proteins (9) . Absorption, exosome uptake, internalization, and membrane nanotube formation are the probable mechanisms of intercellular membrane transfer ( Figure 1 ) (16, 18, 20, (40) (41) (42) .
Cell-to-cell interactions
There are three mechanisms of direct cell-to-cell contactdependent intercellular transfer of proteins from APCs to T cells.
TCR-mediated internalization and recycling
T cell responses are initiated by TCR recognition of peptide/MHC (pMHC) on APCs (43, 44) . Subsequent (within minutes) to specific interactions of T cells with APCs, TCR and MHC molecules are assembled at the centre of supramolecular activation clusters at the site of T cell contact (2, (45) (46) (47) . TCR-down-regulation is observed following interactions of TCR with pMHC complexes (48) (49) (50) and T cell-APC interactions cause APC-derived surface molecules to adhere to the surface of T cells (51, 52) . Thereafter, these clusters are internalized through TCR-mediated endocytosis and localized in endosomes and lysosomes, followed by recycling and expression of these molecules on T cell surfaces within 30 minutes (18) . For efficient and specific acquisition of TCR-mediated pMHC complexes, a sustained TCR signaling is a pre-requisite and the possibility of involvement of perforin's cytolytic activity has been ruled out during membrane capture process (23) . The peptide-MHC complexes transferred from APCs to T cells are the best studied examples of protein transfer that occurs via trogocytosis. Here, T cells can acquire both MHC class I and class II proteins from APCs (19, 23, 24, (53) (54) (55) . Reports of intercellular transfer of membrane fragments from APCs to T cells (24, 54) and from target cells to NK cells (31) , and even through homotypic interactions between cells like Daudi cells (56) , are consistent with the membrane transfer mechanism that involves the transfer of membrane fragments derived from the intercellular contact or IS (57) . One possible mechanism of intercellular transfer of membrane fragment might be that the MHC proteins and the other APC ligands are pulled during T-cell-receptor internalization (9) , and the created force might break the high-avidity protein-protein interactions.
Dissociation-associated pathway
Before the advent of this theory, the membrane protein capture is thought to depend on TCR-mediated internalization during the direct cell-to-cell contact (as described above) or the APC-derived exosome/vesicle transfer (which will be described below). Using fibroblasts expressing a GFP-tagged I-E k molecule with covalently attached antigenic peptide, Wetzel et al. demonstrated a third mechanism, the cellular dissociation (58) . With the help of live cell imaging, they showed that T cells, while spontaneously dissociating from APCs often capture MHC-peptide complexes directly from the immunological synapse. It was further shown that the MHC transfer is peptide specific and is enhanced by costimulation through CD28-CD80 interactions. T cells dissociated from the MCC:GFP cells were fully activated, expressing high levels of CD69. The activation phenotype is also relevant when considering the spontaneous dissociation of T cells from APCs. In two different studies using in vitro imaging, repeated association and dissociation of CD4 + T cells from macrophages were observed (59) and the same was the case with dendritic cells in a three-dimensional collagen matrix (60) . To explain this phenomenon, it was shown that the cells were interacting with multiple APC partners, accumulating the activation signals until fully activated. Alternatively, abortive activation event leaving the cells partially activated was explained for the spontaneous association and dissociation of T cells. Thus, Wetzel and colleagues implicated the activation of T cells to spontaneous association and dissociation from MCC:GFP cells, as T cells formed a mature IS, expressed high levels of CD69, and displayed significant TCR-down-regulation. Removal of specific MHC-peptide ligands from APCs would limit their availability for other T cells, which may be an important event in controlling an immune response (58) . Such Ag stripping from dendritic cells is seen in vivo, suggesting that stripping would prevent lower affinity T cells to access Ag, thereby generating a higher affinity T cell response (61) .
Exosome uptake
Intercellular membrane transfer is mediated by the secretion and uptake of enclosed membrane bodies or vesicles such as exosomes (50-90 nm vesicles released by variety of cells) following the fusion of external endosomal membrane with plasma membrane. Their composition may slightly differ from bulk membrane (62) . It was suggested that cells perform this phenomenon to lose potentially harmful components as in case of the recovery of human neutrophils from complement attack by shedding membrane attack complex (63) . Transfer of membrane material through vesicle shedding is heavily dependent on interactions between the plasma membrane and underlying cytoskeleton. Local disruption of the cytoskeleton is known to result in membrane blebbing (8) . The generation of membrane vesicles or membrane evaginations requires cytoskeletal reorganization and membrane mobility. For example, shedding of adhesion receptors from the surface of activated platelets probably involves calpain action, with rupture of membrane-associated cytoskeleton and dissociation of membrane/cytoskeleton attachment (64) . Recent advances in biophysics like, "optical tweezers" shed novel insight into the importance of membrane/cytoskeleton interactions (65) . This technique allows a precise estimation of the force generated by small membrane tethers obtained by pulling microbeads bound to the cell surface with a force of a few pico newtons (pN). Thereby, it is possible to estimate intrinsic plasma membrane tension and energy of adhesion to cytoskeleton. The energy of adhesion to cytoskeleton accounts for ∼75% of the apparent membrane tension (8) . Transient disruption of cortical microfilament as a result of weakening in membranecytoskeleton interactions with a second messenger like, phosphotidylinositol 4,5 biphosphate (66) or cytosolic calcium increase (67) could facilitate local release of the plasma membrane, consequently the vesicle formation.
Studies have shown that APCs shed MHC class II glycoproteins which are acquired by T cells (14, 68) . It has been suggested that APC-derived vesicles could be a possible mechanism of intercellular transfer of MHC class II glycoproteins and other APC-derived molecules from APCs to T cells. Exosomes (bearing class II MHC) of APCs might have been derived from MHC class II endocytic compartments (69, 70) . Exosomes are formed by a process that involves invagination of the limiting MHC class II endocytic compartment vesicular membrane, resulting in a multivesicular compartment comprised of smaller vesicles within a larger vesicle. Upon fusion with surface membrane, exosomes may be released into extracellular spaces and are captured by T cells. Alternatively, APC surface membrane may vesiculate near the contact area between opposing APC-T cell conjugates and released to augment specific acquisition by cognate responders. Several studies have also shown that diverse APCs participate in the intercellular exchange of membranes (35, 71, 72) . A critical factor for T-cell activation is TCR/CD28-mediated signaling rather than TCR/CD28-mediated adhesion, which was demonstrated to play a pivotal function in intercellular exchange of membrane (54) . Vesicular or exosome mediated transport of antigen/ MHC class II complexes from the professional APCs to T cells represent an important mechanism of cellular communications in the immune system (73) .
Membrane nanotube formation
Intercellular exchange of proteins through membrane tubes, i.e., long membrane tethers, between cells provides another probable mechanism of cell-surface protein transfer between cells. Rustom et al. (74) demonstrated that rat neuronal PC12 cells or kidney cells were connected via membrane tunnels or nanotubes. These nanotubes were shown to facilitate the transfer of lipid organelles between cells through actindependent mechanism. Nanotube structures were also reported to connect a wide range of immune cells, such as T cells, B cells, NK cells, and monocytes (24, 75) . In the event of disassembly of immunological synapse, formation of membrane nanotubes was observed between B cells and NK cells (76) . Recently, the transmission of calcium fluxes between myeloid cells has been shown to take place by nanotube formation (41, 77, 78) . Nanotube-mediated intercellular transfer of calcium fluxes induces phenotypic changes in distal DCs, which is reminiscent of response generally seen by direct antigenic stimulation. However, the molecular mechanism of calcium fluxes transmission by nanotubes is still elusive. Interestingly, the heterogenecity in the structure of membrane nanotubes connecting human macrophages is observed. Thicker nanotubes are made up of both F-actin and microtubules, whereas thinner ones contain only F-actin. It was shown that nanotubes containing microtubules transport vesicles over long distances, whereas, using a constitutive flow of nanotube surface, bacteria "surf" along nanotubes that lack microtubules (75) . Surface transport along thin nanotubes was found to be dependent on ATP but independent of microtubules. However, transport of vesicles, like endosomes and lysosomes were only observed inside thicker nanotubes (containing microtubules) connecting macrophages. Recently, Sowinski et al. (79) have demonstrated that the formation of T-cell nanotubes between T cells can have important consequences for allowing rapid spread of HIV-1. In addition, it has been shown that the mitochondria can access thick nanotubes. Rescue of aerobic respiration in cells deficient in mitochondria was demonstrated by the intercellular transfer of whole mitochondria or mitochondrial DNA from normal cells, possibly involving membrane nanotubes formation (80) . At present, the best datum for functional relevance of membrane nanotubules in immune-cell biology is the demonstration that they mediate communication of antigenic signals between myeloid cells (9, 77) .
Trogocytosis: a functional relevance to immune responses
Trogocytosis has a broader impact in immunobiology. It is well established that costimulatory or other protein molecules (extracellular and intracellular) on the cell membrane have considerable impact on cellular function. Therefore, it is obvious that acquisition of different molecules (which is not normally transcribed) by lymphocytes or other cells through trogocytosis may directly or indirectly influence the phenotype and functions of immune subsets capturing these membrane proteins. Several studies demonstrated that trogocytosis has an important influence on the course of the 
Stimulatory effect on immune responses
The intercellular transfer of membrane molecules can provide signals for immune response. For example, membrane-tethered antigens are internalized by B cells for processing and subsequent presenting them to T cells (4, 33) . Usually, APCs such as DCs can acquire antigens and subsequently present the processed peptide-MHC class I and II complexes to T cells (35) . Acquisition of APC cell-surface MHC and associated molecules by T cells endows T cells with novel functions. We have recently demonstrated that during intercellular membrane transfer, CD4 + T cells derived from the wild-type ovalbumin (OVA)-specific TCR transgenic OT II mice can not only acquire the synapsecomprised MHC class II and costimulatory molecules (CD54 and CD80), but also the bystander pMHC I complexes from OVA-pulsed DCs (DC OVA ) (81) . This phenomenon is seen because the bystander pMHC I and the pMHC II complexes localize in the same immunological synapse formed between DCs and CD4 + T cells (82) . These CD4 + T cells are type 1 helper T (Th) cells since they secrete IFN-γ, TNF-α and IL-2, but no IL-4. These CD4 + T cells carrying acquired APC Ag-presenting machinery can act as CD4 + Th1-APCs in stimulation of OVA-specific CD8 + CTL responses (22, 81, 83) . In addition, CD4 + Th1-APCs also induce OVA-specific antitumor immunity in C57BL/6 mice against the OVAexpressing murine melanoma line BL6-10 OVA cells. Interestingly, the stimulatory effect of CD4 + Th1-APCs is mediated through its endogenous CD40L and acquired CD80 costimulation and IL-2 secretion (84). Importantly, the acquired pMHC I complexes on CD4 + Th1-APCs play an important role in targeting the stimulatory effect of CD4 + Th-APCs to naïve CD8 + T cells in vivo (84) . Similarly, we have further demonstrated that naїve CD8 + cytotoxic T (Tc) cells also acquire pMHC I and costimulatory CD54 and CD80 molecules through DC OVA stimulation, and act as Tc-APCs. These Tc-APCs can play both negative and positive modulations in antitumor immune responses by eliminating DC OVA and neighbouring Tc-APCs, and by stimulating OVA-specific CD8 + central memory T responses and antitumor immunity via targeting role of acquired pMHC I complexes (85) . More recently, we have further shown that the exosome-targeted CD4 + T cell vaccine using OVAspecific or non-specific CD4 + T cells with uptake of OVA-specific DC-released exosomes expressing pMHC I complexes are capable of breaking CD4 + 25 + regulatory T (Tr) cell-mediated immune suppression and stimulating efficient antigen-specific CD8 + CTL response (86, 87) . However, CD4 + T cells with uptake of exosomes without expression of OVA-specific pMHC I complexes are unable to stimulate OVA-specific CD8 + CTL responses. These data clearly elucidate an important role of acquired pMHC I complex on CD4 + T cells in targeting the stimulatory effect of CD4 + T cells to CD8 + T cells in vivo. In addition, it has also been demonstrated that MHC class II and CD80 which had been acquired from APCs by CD4 + T cells could sustain T cell activation in the absence of APCs (88) . Sustained activity of transcriptional factors such as nuclear factor-κB (NF-κB) and activator protein-1 (AP1) was seen in T cells with acquired CD80 molecules. T cells, upon CD80 acquisition could upregulate the signal transducer and activator of transcription-5 (Stat5) in the absence of APCs or exogenous signal 1 (88) . Furthermore, Brandes et al. (89) have demonstrated that human γδ T cells expressing MHC II and costimulatory molecules can also act as APCs and stimulate proliferation and differentiation of naїve γδ T cells.
Suppressive effect on immune responses

CD4
+ T cells that have captured agonist pMHC II complexes can subsequently present them to adjacent CD4 + T cells, and these T cells can proliferate in response to T cell-mediated presentation (83) , but as the number of activated cells increases, this T-T cell interaction can result in apoptosis or the induction of anergy or tolerance or regulatory T cells (90) (91) (92) . These mechanisms may serve to limit the clonol expansion (90) . The adoptive antigen-specific CD4 + regulatory T cells including Tr1 and Th3 play an important role in immune suppression of autoimmune diseases and antitumor immunity (93) . However, the molecular mechanism for antigen-specificity acquisition of adoptive CD4 + Tr cells is elusive. We have recently demonstrated that the tolerogenic OVA-pulsed DC OVA expressing the immune suppressive cytokine IL-10 were able to in vitro and in vivo induce responses of type 1 regulatory T (Tr1) cells secreting IL-10 and IFN-γ (94). These CD4 + Tr1 cells acquired pMHC I by tolerogenic DC OVA activation and efficiently inhibited immunogenic DC OVA -mediated CD8 + CTL responses and antitumor immunity. Importantly, the acquired pMHC I complexes on CD4 + Tr1 cells lead to an enhanced suppression by 7-fold relative to analogous CD4 + Tr1 cells without acquired pMHC I, indicating that the antigen specificity acquisition of adoptive CD4 + regulatory T cells is via acquired pMHC I complexes. Interestingly, the nonspecific CD4 + 
25
+ Tr cells can also become antigen-specific and more immunosuppressive in inhibition of antigen-specific CD8 + CTL responses after uptake of antigen-specific DCreleased exosomal pMHC I complexes. These data indicate that the antigen-specificity acquisition of CD4 + Tr cells via acquiring DC's pMHC I may be an important means in augmenting CD4
+ Tr cell's suppression. Intercellular transfer of proteins from T cells to APCs might also balance the immune responses, as anergic or regulatory T-cell-derived vesicles have been shown to induce a tolerogenic phenotype in APCs (95) . It was shown that CD8 + T cells which had acquired cognate pMHC I complexes became susceptible to antigen-specific lysis or fratricide killings, thereby contributed to effector clearance (18, 23, 96) . Recently, Mostbock and colleagues (97) demonstrated that acquisition of antigen presentasome (APS), an MHC/costimulatory (CD80 molecules) complex, was an important factor for memory T-cell homeostasis. They suggested that acquisition of APS by memory T cells could lead to negative regulatory consequences, as it activated BAX/BAK and perforin pathways leading to cell death of CD4/CD80 acquired T cells. In another recent study, it was reported that acquisition of the bystander MHC class I-peptide complexes by CD4 + Th cells made them become targets for specific CTL killing (98) . This study suggested that the mechanism of Ag-specific CD4 + T cell regulation may have important roles during the immunopathology of viral infection such as HIV. Intercellular transfer of proteins can also regulate NK cell functions. Acquisition of MHC class I molecules by NK cells from tumor cells resulted into a reduced NK cytotoxic function in mice (28) . In addition, contact between NK cells and target cells, which express NKG2D and MIC respectively, led to intercellular exchange of NKG2D and MIC that correlated with reduction in NKG2D-dependent NK cell cytotoxicity in subsequent interactions (41) .
Intercellular membrane transfer and its consequences discussed above are important from quantitative standpoint, providing either positive or negative modulation. It was suggested that if trogocytosis involves unusual (i.e., rarely expressed) and/or functionally atypical molecule, then it may induce qualitative changes in the phenotype and functional characteristics of a particular cell. An example of this specialized regulatory role is the expression or the acquisition of HLA-G. HLA-G is a non-classical HLA class I molecule characterized by a strong immunosuppressive function. It is expressed in some types of cancers, transplantations, autoimmune diseases, inflammatory conditions and viral infections. HLA-G was found to inhibit functions of NK cells and CTLs (99), induce regulatory cells (100-102), inhibit allogenic responses (100, 101) and DC maturation (102) , and up-regulate inhibitory receptor expression (103) . HLA-G has been shown to transfer from APCs to T cells resulting in functional consequences. LeMoult et al. (104) suggested that the HLA-G-associated trogocytosis could have a major impact on immune responses, with which highly efficient regulatory T cells could be generated by reversing the function of effector immune cells. They have emphasized the need for monitoring HLA-G expression in pathologic context and incorporation of HLA-G blocking strategies into immunotherapies.
Uncharacteristic phenotypes and negative consequences
Intercellular transfer of proteins not normally transcribed by the cells might endow the cells with properties not normally associated with that of particular cell type. It has been shown that the intercellular transfer of GPI-anchored prion proteins might be important in the pathogenesis of the prion proteins (105) . Development of multidrug resistance in tumors has been demonstrated to be due to the intercellular transfer of P-glycoproteins that can pump many chemotherapeutic agents out of tumor cells (106) . Furthermore, the intercellular transfer of viral receptor can facilitate Epstein-Barr virus (EBV) infection in NK cells (107) . Similarly, the intercellular transfer of the chemokine receptor and HIV co-receptor CC-chemokine receptor 5 (CCR5) can render cells susceptible to HIV infection in vitro (108) . Thus, there is considerable evidence showing that the intercellular protein transfer can contribute to several pathologies.
Perspectives
It is well known that the actions of individual immune cells are independent. However, the new science opened up by the recent research developments discussed above is that through direct exchange of proteins and membrane patches as well as specific intercellular connections, individual immune cells become such physically integrated. Theoretically, these integrations and connections can be considered to be a challenge to the central doctrine of cell theory (109) . Clearly, more and more evidence demonstrates that the cell-surface proteins can transfer between cells both in vitro and in vivo, and this widespread intercellular transfer of cell-surface proteins has an important role in modulation of immune responses. Now the most challenging question in this fascinating area of immunology is to establish the functional consequences of intercellular membrane transfer in vivo. For example, we need to devise the methods and ways for improvement of intravital imaging and automated detection of nanotubes (110), precisely delineate the process of trogocytosis and determine its consequences in vivo. A better understanding of intercellular membrane transfer will thus help to translate this knowledge into therapeutic interventions, and as a diagnostic tool, given its significant influence in diverse immunological and pathological circumstances.
